Mobile source emissions estimation techniques play a critical role for regional planning and development of emission control strategies. The primary models for mobile source emissions estimation have been the U.S. Environmental Protection Agency's MOBILE model and the California Air Resources Board's EMFAC model. These models work well for large regional areas but are not as well suited for "microscale" evaluation. Over the last several years, the College of Engineering-Center for Environmental Research and Technology (CE-CERT) has been evaluating in-use, light-duty vehicles as part of NCHRP Project 25-11, resulting in the development of a Comprehensive Modal Emissions Model (CMEM). An essential part of any model development process is validating the model. Various validation techniques have been applied to CMEM. This paper describes some of the latest validation work carried out in comparing CMEM results to independent emission testing results (independent in both vehicles and driving cycles). Further, CMEM has been compared with the latest versions of EMFAC and MOBILE. In general, compared with the independent emission measurements, CMEM predicts well. It has been found that CMEM is consistent with MOBILE and EMFAC at low to medium speeds. Greater deviations were found at very low speeds and very high speeds. At high speeds, CMEM tends to predict higher hydrocarbon (HC) emissions and lower oxides of nitrogen (NO x ) emissions. At the very low speeds, CMEM tends to predict lower than EMFAC and MOBILE for all emissions. These comparisons are part of an ongoing validation process for development of CMEM.
Mobile source emission inventory models play an important role throughout the United States for developing air pollution abatement strategies. The current models in use are the MOBILE model developed by the U.S. Environmental Protection Agency (EPA) and the EMFAC model developed by the California Air Resources Board (CARB). These models are intended to predict emission inventories for large regional areas and are not well suited for evaluating traffic operational improvements that are more "microscopic" in nature, such as ramp metering, signal coordination, and many intelligent transportation system strategies. Better suited for these types of problems are emission models that consider the modal operation of a vehicle (i.e., emissions that are directly related to vehicle operating modes such as idle, steady-state cruise, various levels of acceleration or deceleration, and so on).
In August 1995, the College of Engineering-Center for Environmental Research and Technology (CE-CERT) at the University of California-Riverside, along with researchers from the University of Michigan and Lawrence Berkeley National Laboratory, began a 4-year research project to develop a Comprehensive Modal Emissions Model (CMEM), sponsored by the NCHRP (project 25-11). The overall objective of the research project was to develop and verify a modal emissions model that accurately reflects light-duty vehicle (LDV, i.e., cars and small trucks) emissions produced as a function of the vehicle's operating mode. The model is comprehensive in the sense that it is able to predict emissions for a variety of LDVs in various conditions (e.g., properly functioning, deteriorated, or malfunctioning). The model is now complete and capable of predicting second-by-second tailpipe emissions and fuel consumption for a wide range of vehicle/technology categories.
An essential step in the modeling process is performing model validation. Model validation is the assessment of how well the model performs on independent input data, when compared with some ground truth data. For model validation, the key question is whether or not the model predicts with reasonable accuracy and precision. These general questions lead to several other questions, such as what statistics or functions will properly describe accuracy and precision.
In developing CMEM, several validation techniques were used.
• Figure 1) . A better validation exercise was performed using measurement data from the same vehicles using independent cycles (i.e., cycles that were not used in developing the model) (lower left box of Figure 1 ). In this case, the US06 and federal test procedure (FTP) Bag 3 cycles were used. Work has recently been carried out performing CMEM validation using independent vehicles and independent driving cycles (lower right box of Figure 1 ), which is the subject of this paper. Further, some preliminary comparisons have been made between CMEM and EMFAC and MOBILE. The following sections provide relevant background on the emission models and test data, describe the test data comparisons with CMEM, and describe the models comparison. Conclusions and future work follow.
BACKGROUND Comprehensive Modal Emissions Model
As discussed previously, the primary goal of the NCHRP 25-11 research project was to develop an instantaneous (i.e., second-bysecond) emissions model that accurately reflects LDV emissions produced as a function of the vehicle's operating mode. Further background on modal emission modeling and this NCHRP project is given in other sources (1, (4) (5) (6) .
This NCHRP research project was divided into four phases.
• Phase 1. The first phase of work consisted of (a) collecting data and literature from recent related studies; (b) analyzing these data and other emission models as a starting point for the new model design; • Phase 2. The objectives of Phase 2 were to collect emissions data (using the developed dynamometer testing procedure) from a larger representative sample of vehicles (approximately 320) and to iteratively refine the working model.
• Phase 3. This phase of work consisted of refining and validating the model. The objective of this phase was to demonstrate that the emissions model is responsive to the regulatory compliance needs of transportation and air quality agencies.
• Phase 4. This phase of work consisted of (a) incorporating additional vehicle/technology categories in order to better estimate emission inventories into future years; (b) developing a graphical user interface (GUI) for the model, making it more user-friendly; and (c) holding a national workshop to help introduce the model to transportation-air quality model practitioners.
In Phase 1 of this project (and later Phase 4), 26 vehicle/technology categories (see Table 1 ) were defined to serve as the basis for the model, as well as to guide the vehicle recruitment and testing performed in Phases 2 and 4. Because the eventual output of the model is emissions, the vehicle/technology categories and the sampling proportions of each were chosen based on a group's emissions contribution, as opposed to a group's actual population in the national fleet. Because of this, five distinct high-emitting vehicle/technology groups have been included. The other vehicle/technology categories have been chosen based on vehicle class (e.g., car or truck), emission control technology (e.g., no catalyst, three-way catalyst, etc.), emission certification standard (e.g., Tier 0, Tier 1), power-to-weight ratio, and mileage. For testing, vehicles were recruited randomly within each vehicle/ technology bin in this matrix. Each vehicle was tested using a comprehensive dynamometer testing procedure that consists of a standard FTP test, the high-speed US06 cycle [to be used in future supplemental FTP testing (7)], and an in-house developed modal emission cycle (MEC). This modal emission cycle (MEC01) has been designed to include various levels of acceleration and deceleration, a set of con- stant speed cruises, speed-fluctuation driving, and constant power driving. Details of this dynamometer testing procedure are given in Barth et al., 1997 (6) . In total, more than 350 vehicles were tested using the detailed dynamometer testing procedure. For all the cycles, secondby-second engine-out and tailpipe emissions data were collected: CO, HC, NO x , and CO 2 . These emissions data were then used to establish a modal emissions model.
For each vehicle/technology category shown in Table 1 , a different model "instance" or submodel has been created using a parameterized physical approach [see Barth et al., 1996 (5) ]. For each submodel, a number of vehicle parameters and operating variables are considered. The generalized model for each category consists of six distinct modules that individually predict (a) engine power; (b) engine speed; (c) air-to-fuel ratio; (d) fuel use; (e) engine-out emissions; and ( f ) catalyst pass fraction. The vehicle parameters used in the model are divided into two groups: parameters that are obtained from the public domain (or determined generically) and parameters that need to be calibrated based on the second-by-second dynamometer emission measurements. Examples of the first group include vehicle mass, engine displacement, rated engine power and torque, and so on. Examples of the second group include engine friction factor, enrichment threshold and strength, catalyst pass fraction, and so on. This second group of parameters is determined based on an extensive calibration process, in which a series of optimization procedures is applied to minimize the differences between the measured and modeled emissions over the test cycles. Details of the model structure are given in An et al. (4) .
In each vehicle-technology category specified in Table 1 , "composite" vehicles have been created by combining the parameter and emission data of all the vehicles in each category. Further, for each bin in the vehicle/technology matrix in Table 1 , a submodel has been created based on the corresponding composite vehicle characteristics, which represents all the vehicles in this category. Each submodel reflects the vehicle technology of that particular category and estimates second-by-second emissions given vehicle operational inputs (i.e., second-by-second velocity, acceleration, grade, accessory loads, etc.). The details of the model parameterization and the compositing techniques used within the vehicle/technology categories are outside the scope of this paper and are presented in a forthcoming NCHRP final report (1) .
EMFAC-2000
EMFAC is the California Air Resources Board emission inventory model. The version used in this analysis is EMFAC-2000 beta version 1.99f (8). EMFAC-2000 estimates emissions for the following pollutants: total organic gases (TOG), CO, NO x , CO 2 , and particulate matter (PM) for on-road vehicles in California. EMFAC-2000 models 13 vehicle/technology groups for 45 model years and has countyspecific outputs. Unlike previous versions of EMFAC, which were based on FTP emission measurements (9), EMFAC-2000 basic emission rates are developed from the unified cycle (UC). These average emissions are then corrected for high emitter proportions, ambient air temperature, cycle speed differences, and so on, to produce emissions estimates. New speed-correction factors (SCFs) were also developed called unified correction cycles (UCCs). The UCCs were developed using chase-car data and instrumented vehicle data.
MOBILE5b
MOBILE is the U.S. Environmental Protection Agency's emission inventory model. The version used in this analysis is MOBILE5b, the latest release. MOBILE5b is designed to estimate exhaust and evaporative HC emissions, CO emissions, and NO x emissions from on-road vehicles within the United States, excluding California. MOBILE5b categorizes on-road vehicles into eight types and contains emission factors for model years 1960 to 2020. MOBILE5b uses the most recent 25 model years to estimate emissions in any particular calendar year. Other factors incorporated in MOBILE5b include the average travel speed, operating modes, ambient air temperature, fuel volatility, and mileage accrual rates. These factors can be defined by the user or a default national average value may be used. The emission factors used in MOBILE5b are derived from FTP emission measurements, which are then adjusted using speedcorrection factors. Further details on the MOBILE model can be found in Modeling Mobile Source Emissions (10).
New Facility-Specific Speed-Correction Cycles for MOBILE6
The EPA is introducing into its next version of MOBILE (MOBILE6, to be released in July 2001) of a new modeling methodology that uses facility-specific driving cycles for inventory development. Under contract to the EPA, Sierra Research (11) has created several facility-specific driving cycles based on matching speed-acceleration frequency distributions for a wide range of roadway types and congestion levels. These cycles have been developed based on a large amount of "chase car" and instrumented vehicle data collected in the cities of Spokane, Washington; Baltimore, Maryland; Atlanta, Georgia; and Los Angeles, California. The congestion level was recorded as levels-of-service (LOS) values based on traffic densities observed from the chase car. These LOS measures are similar to those developed by the Transportation Research Board (12), which the FHWA currently uses for categorizing congestion. For freeways (i.e., noninterrupted flow), LOS is a function of both average vehicle speed and traffic flow rate. Primarily due to intervehicle interaction at higher levels of congestion (corresponding to LOS values of B, C, D, E, and F), vehicles have substantially different velocity profiles under different LOS conditions. Under LOS A, vehicles typically travel near the highway's free-flow speed, with little acceleration or deceleration perturbations. As LOS conditions get progressively worse (i.e., LOS B, C, D, E, and F), vehicles encounter lower average speeds with a greater number of acceleration and deceleration events.
Six driving cycles have been developed for freeway driving, and six have been developed for arterials (ART) and nonfreeway (NONFWY) scenarios. These cycles range from high-speed driving (FWY-HI, when vehicles have little or no interaction with other vehicles) to driving in near gridlock conditions (LOS F). Cycle length ranges from 4 to 12 min, and the cycles were constructed to optimally match the observed speed-acceleration and specific power frequency distributions of the on-road vehicle data (11) . These cycles are shown in Figure 2 , and general characteristics of the cycles are given in Table 2 . Characteristics of the FTP driving cycle are also given in Table 2 for comparative purposes. The cycle characteristics include average speed (mph), maximum speed (mph), maximum acceleration rate (mph/ second), cycle length in terms of time (seconds) and distance (miles), and the maximum specific power (defined as 2 ⅐ velocity ⅐ acceleration, in units of mph 2 /second). In order to develop facility-based speed-correction factors for MOBILE6, the EPA tested 85 vehicles over these 12 facility and congestion cycles (13) . This EPA emission factor testing program was performed at both the Automotive Testing Laboratories, Inc. (ATL), in Ohio and EPA's National Vehicle and Fuel Emission Laboratory (NVFEL) in Michigan, in the spring of 1997. The testing protocol oversampled high-emitting vehicles in order to provide a sufficient sample size to allow separate analysis of high-emitting vehicles. The vehicles tested at the EPA laboratory were recruited randomly. The vehicles tested at ATL were selected as a stratified random sample, with strata corresponding to an Inspection/Maintenance 240 (IM240) pass-or-fail outcome determined at state-run IM240 inspection stations in Ohio. ATL used the final phase-in cut points recommended by EPA for use in I/M programs using the IM240 test procedure to identity vehicles in need of maintenance. Twenty of the vehicles in the ATL sample failed the IM240 test. Each of the 85 vehicles underwent all or partial testing over the newly designed facility-specific speed-correction-factor cycles.
COMPARISON OF CMEM WITH EPA TEST DATA
The 85-vehicle data set from the EPA facility cycle study was categorized into CMEM vehicle/technology groups, as shown in the last column of Table 1 . By knowing the model year, vehicle type, engine size, gross vehicle weight, and mileage of a vehicle, it could be matched to the appropriate CMEM category. Because rated horsepower of each vehicle was not readily available in the database, it was difficult to separate low power-to-weight and high power-to-weight vehicles. This was accomplished by either looking up a vehicle's horsepower from other sources or by finding what group a comparable vehicle in the NCHRP test data set was placed in. Using the FTP bag emission results, the vehicles were categorized as either high or normal emitters, based on the cut points used in the NCHRP project. (In general, a vehicle is classified as a high emitter if its FTP composite bag measurement is greater than two times its certified standard in any emission species. This has been modified to 1.5 times the standard for Tier 1 vehicles.) [See Barth et al., 1999 (1) .] Determining the type of high emitter also proved to be challenging. For this, the method defined by Wenzel and Ross (14) was used, in which emission levels for each species are classified as low, medium, or high. The combinations of levels for CO, HC, and NO x are then used for highemitter classification (e.g., high CO usually indicates a "runs rich" high emitter). Due to the subjective nature of the low, medium, and high cut points, some of the vehicles may be uncharacteristic of the high-emitting category in which they are placed.
After the vehicles were categorized into the CMEM groups, the CMEM submodels were run over the MOBILE6 facility-specific speed-correction cycles. Because the test vehicles in the EPA data set were operating under hot stabilized operation, CMEM was also set to run with soak time equal to zero. The resulting CMEM emission numbers were then plotted for each emission species as a function of average speed of the facility-specific cycles. The emission results from the EPA test data set were also plotted in each graph, based on the vehicle categorization that took place earlier. This allowed com- parison of the individual vehicle results with the appropriate CMEM submodel predictions for all species of emissions. In order to show a meaningful comparison, only categories containing five or more vehicles from the EPA data set were used in this analysis. As an example, Figure 3 shows CO, HC, and NO x emissions by speed for CMEM category 4 (3-way catalyst, fuel injection, >50,000 mi, low power/ weight). Each small dot represents an individual test vehicle from the EPA facility cycle test fleet. (It is interesting to note that a single EPA test vehicle had very high CO emissions for the ART-CD cycle, but not high CO for the other cycles.) The large dot represents the modeled output from CMEM. The plots show that the CMEM modeled output lies well within the range of the tested vehicle fleet. Similar results were found in the other cases but are not shown here due to space limitations. In some cases, however, particularly with the highemitting vehicles, CMEM tends to slightly underpredict CO and NO x emissions. The overprediction of HC in the high-emitter 20 category is probably due to the uncertainty of categorization of the EPA vehicles.
To quantitatively determine if the CMEM prediction is representative when compared with the test data, StatView one-sample t-tests (15) were performed on each driving cycle for each technology group having five or more vehicles. (The t-tests were chosen for this comparison because the different categories have a variable response across the different driving cycles, with some categories exhibiting extreme nonlinear behavior in their emissions response. The unique response of the categories to the different driving cycles makes regression unsuitable in this case.) This was done to test for significant differences between the observed EPA test data and the CMEM estimates. The results are shown in Table 3 for CO, Table 4 for HC, and Table 5 for NO x . The one-sample t-test compares the observed EPA test mean with the CMEM estimated mean, so significant values in the tables indicate vehicle/technology groups that are observed to be significantly different from the CMEM estimates. Significant values in the tables are shaded gray, indicating in these cases that CMEM does not represent these test vehicles well.
To keep the probability of a type 1 error down across all t-tests, the significance level was set at p < 0.01 for this study because of the large number of tests. As can be seen, there are some significant differences between CMEM output and the EPA test fleet for CO and HC emis- sions (primarily for the high-emitting vehicles). There is very little significant difference between CMEM output and the tested vehicle fleet NO x emissions, except in the case of one high-emitting category.
To determine whether CMEM "overfits" the test vehicle data, regression analyses were performed on the current independent cycle and independent vehicle data where the R-squared values ranged from 0.5 to 0.8. This compares with the independent cycle (e.g., US06) and dependent vehicle data where the R-squared values ranged from 0.65 to 0.97 (1) . Thus, these results tend to indicate that CMEM does not exhibit strong evidence of overfitting.
CMEM COMPARISON WITH MOBILE5b AND EMFAC-2000
To compare CMEM predictions with CARB's EMFAC and EPA's MOBILE, the same driving cycles were used. It was necessary to match the input parameters as closely as possible for all three models.
CMEM was set up using standard conditions (75°F and 40 percent relative humidity), running under hot stabilized conditions. Each facility-specific speed-correction cycle was entered into CMEM, and the model was run for each category. The vehicle/technology group emissions were then weighted to the Riverside County, California, area fleet composition for 1997; the weights are given in the second column of Table 1 . These weights were determined from the Department of Motor Vehicles records and then adjusted for vehicle miles traveled using a categorization program developed as part of NCHRP Project 25-11 [see Barth et al., 1999 (1) ].
EMFAC was run for calendar year 1997 with the default range of vehicle model years (45 years for light-duty autos and light-duty trucks) and standard conditions (75°F and 40 percent relative humidity), also for Riverside County. Because EMFAC-2000's output is highly dependent on the region, it is important to set this up properly for a fair comparison of the models. As discussed previously, EMFAC-2000 uses a set of speed corrections to its base emission factors. Users are able to specify the average speed as an input value. For the comparison, the EMFAC input speeds were set to the average velocities of each EPA facility-specific congestion cycle (note that the MOBILE6 speed-correction cycles are different from the EMFAC specific speed-correction cycles for MOBILE6. Additional parameters used for this analysis include calendar year of 1997, evaporative emissions set to zero, standard ambient temperature, no cold start, with no I/ M program. The fuel was set to a Reed vapor pressure of 8.7 and was not assumed to be reformulated.
The emission results from CMEM, EMFAC2000, and MOBILE5b were plotted against speed and are shown in Figure 4 for light-duty automobiles and Figure 5 for light-duty trucks. It can be seen that MOBILE and EMFAC predict very similar results for CO, for both light-duty cars and trucks. CMEM predicts slightly lower CO levels at lower speeds and slightly higher CO at higher average speeds. For HC, all three models predict similarly at low speeds, but CMEM tends to predict higher at high speeds. For NO x , the MOBILE model predicts significantly higher values for all conditions, particularly at higher speeds. CMEM, on the other hand, predicts slightly lower NO x emissions compared with the other two models. Overall, the results of all three models are matched pretty well.
CONCLUSIONS AND FUTURE WORK
The comprehensive modal emission model developed under NCHRP Project 25-11 has been compared with independent emission testing results (independent in both vehicles and driving cycles). Further, CMEM has been compared to the latest versions of EMFAC and MOBILE using the same set of facility-specific driving cycles developed for MOBILE6. Based on this current validation analysis, it was found that the CMEM output is well within the range of the tested vehicles. One-sample t-tests were performed to determine how effective CMEM is at representing the test set of vehicles. For most cases, CMEM represented the average well, with some exceptions primarily in the high-emitting vehicles. For the high-emitting vehicles, CMEM tends to underpredict the emissions. When comparing the three models, it was found that in general all three models predicted roughly the same at low to medium speeds. Greater deviations were found at very low speeds and very high speeds. At high speeds, CMEM tends to predict higher HC emissions and lower NO x emissions. At the very low speeds, CMEM tends to predict lower than EMFAC and MOBILE for all emissions.
Additional validation exercises are planned for CMEM using additional vehicle emission measurements that are routinely collected at CE-CERT's vehicle emissions research laboratory. Even though the 85 tests were conducted as part of the EPA speed-correction program, additional vehicle emission data need to be collected and analyzed for a robust comparison. Also, larger-scale comparisons between MOBILE, EMFAC, CMEM, and other new-generation models (e.g., Georgia Institute of Technology's MEASURE model) are planned. Georgia Institute of Technology is currently performing similar validation exercises (16) . However, what is needed is a major validation program, including testing a representative national vehicle fleet, to properly compare current and future models. This is critical in determining whether the various research investments in emissions modeling have paid off.
Also in the future, development of new vehicle/technology categories for CMEM is planned. In particular, heavy-duty diesel vehicles will be modeled in the coming year, and one or more new categories will be added to the existing number of submodels. In a sense, CMEM is a "living" model that will be continually updated with revised categories and new categories as new vehicle types come into existence. To further round out the model, an evaporative component of the model should be designed and developed. 
